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ura and T. ABSTRACT
_1.

lnal. Chem., Sixty commercially available and five experimental liquid chromatography columns were evaluated for the separation and recovery
of seven carotenoid compounds. Methanol- and acetonitrile-based solvents (either straight or modified with ethyl acetate or

D. Presser, tetrahydrofuran) were compared to determine which solvent systems and which columns provided better selectivity and recovery.

Methanol-based solvents typically provided higher recoveries than did acetonitrile-based solvents. Polymeric C_a phases generally

Magn. Res. provided better selectivity for the difficult separation of lutein and zeaxanthin than did monomeric C_8 phases.

• L. Ashley,
tin, Chemo-

INTRODUCTION with the//-carotene, and serum levels of these other
carotenoids have not been adequately studied.

,ett.,(I975) Epidemiologists have observed a lower incidence Liquid chromatography (LC) has been used to sep-
?dron Lett.. of lung cancer in people who have an above-average arate and measure r-carotene in serum [3] with con-

intake of fruits and vegetables [1,2]. Studies also current measurement of _-carotene [4-10] and
I.Wagel,J. suggest that the intake of fruits and vegetables may sometimes lycopene [11-18]. In addtion to numer-
• H. Keith, reduce the risk of cancers of the mouth, pharynx, ous cis/trans geometric isomers, human blood se-!ed Dioxins

merworth, larynx, esophagus, stomach, colon, rectum, blad- rum contains at least six structurally distinct carote-
der, and cervix [2]. Because low serum levels of noids. To determine which carotenoid compound(s)

988)2355. _-carotene are associated with the subsequent de- may provide anti-cancer effects, it is important to
r.,J. _pl. velopment of lung cancer, /_-carotene may be the separate and measure the major carotenoids in se-

protective factor present in the fruits and vegetables rum and in food. Consequently, a number of work-
[2]. However, the lowered incidence of cancer may ers have reported the measurement of carotenoids
be due to other carotenoids that are co-ingested other than lycopene, _-, and /_-carotene in serum
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::::::::::::::::::::::[19-31], in skin [32], in human milk [33] and in (two normal-phase and six reversed-phasc) using :
iiiiiiiiiiiiiill foods [34-48]. several different solvent systems. Lauren and +:.:.::.::

)).i.ii.i! The majority of carotenoid separations reported McNaughton [50] have compared ten reversed- :
_iiiiiiiiii!_ in the literature involve the use of reversed-phase phase columns with respect to alfalfa carotenoids' :i
!iiiiiii!i! LC, generally on a Cls stationary phase, although a elution order, retention time, peak height and
iiiii!!!iii_il_ few normal-phase LC separations have been report- shape, etc. using acetonitrile and ethyl acetate with
_i_iiiiiiiiii ed [21,24,35]. Most workers using reversed-phase or without 0.1% n-decanol.
_._::: LC have used one of the following solvent systems: Recovery of carotenoids from the LC column is

an acetonitrile-based eluent, an acetonitrile-based an important factor in carotenoid analysis. Fre-
._ eluent to which ammonium acetate has been added, quently, serum carotenoid concentrations are neargi:i:i:i:i:i:

_iiiiii::::i:::: or a methanol-based eluent, the detection limit so maximum sensitivity is neces-
Acetonitrile-based eluents are used most fry- sary for accurate carotenoid measurements. This

quently. In 1979, Zakaria et al. [49] separated lyco- can only be achieved if carotenoid recovery is essen-

lii pene, _-carotene, and fl-carotene in tomatoes on a tially 100%. Similarly, since epidemiological studies

Ct s column using a mixture of chloroform and ace- continue for extended periods, reproducibility is ex-
tonitrile. In 1983, Nelis and De Leenheer [19] re- tremely important to the outcome of studies. There-

i ported LC separations on Ct s columns using aceto- fore only LC columns offering consistent and maxi-: i nitrile or acetontrile and 8% methanol with various mum recovery can yield the most meaningful re-
.............. organic modifiers added [tetrahydrofuran (THF), suits. Finally, there is a need to correlate carotenoid

i diisopropyi ether, chloroform, dichloromethane, analysis by LC to older spectrophotometric mea-
.................: ethyl acetate]. Most workers have adapted one of surements. If LC columns do not provide complete

!t!i these mixtures so that it provides acceptable results and consistent recovery of carotenoids, then LC
on their particular LC column [4,5,8,9,11-13,16-- measurements cannot be correlated with spectro-

Itii!ii!! 18,20,22,25,26,30,31,35,38,40,46,48]. Khachik and photometric measurements of carotenoids. Only
_iIiiiiiiiii co-worker [37,41,42,47] typically add hexane to a one limited study has been reported that compared

: mixture of methanol, acetonitrile, and methylene serum carotenoids measured by LC to total carote-
chloride. Other workers have used acetonitrile noid concentration determined statically in a spec-
modified with THF and water [36], with water and trophotometer [20]. We have compared sixty-five

iii 2-propanol [44,45], orin a 1:1 mixture with ethanol reversed-phase LC columns (primarily Cls-modi-

[27]. fled silica) for selectivity and recovery of a mixture
The second basic method was described by Peng of seven carotenoids, six of which are present in the

i_i_i_:_ [6], and employs a mixture of acetonitrile, THF, serum of most American populations. This is the
_i_i_i_::_!_:: methanol, and ammonium acetate. This method first study to report absolute recovery of carote-
ii::i::i::i::!i has been adapted by Nierenberg et al. [3,14,29], noids from LC columns.

ii_i:i!i:: Kalman et al. [10], and Culling-Berglund et al. [32]. EXPERIMENTAL _
_ Methanol-based separations cited include the use
.......... of straight methanol [15]or methanol that has been Test mixture
iii!_!ii: modified with THF or chloroform [35], with water An ethanol solution containing approximately 2
........... and THF [7], with water and butanol [23], and with to 10 mg/1 each of lutein (Kemin Industries, Des
iiiiii_ hexane [28]. Moines, IA, USA), zeaxanthin, fl-cryptoxanthin

Carotenoid separations reported in the literature (Atomergic Chemetals, Farmingdale, NY, USA); :

_:_:_, employ a wide variety of Cls and other reversed- echinenone (Hoffmann-La Roche, Nutley, NJ,
I_::_::_ phase columns from different manufacturers. Sever-

al workers have compared separations on a small ° Certaincommercialequipment, instruments,or materialsare
number of commercially available columns: Nelis identified in this report to specify adequately the experimental

and De Leenheer [19] have described the effects of procedure. Suchidentificationdoes not imply recommenda-

five organic modifiers on retention and selectivity of tion or endorsementby the National Instituteof Standards

and Technology, nor does it imply that the materials or equip-
carotenoids on two different Cts columns. Bushway merit identified are necessarily the best available for the pur-
[35] has compared the selectivity of eight columns pose.
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,-d-phasc) using USA); lycopene (extracted from tomato paste); and to the mobile phase for those columns that failed to
Lauren and _t- and r-carotene (Sigma, St. Louis, MO, USA) elute all seven compounds with a capacity factor

I ten reversed- was prepared, and 2-ml aliquots of this solution (k')_<ll. Both THF [3,6,7,10,11,14,22,29,32,35,
Ifa carotenoids' were stored in amber glass vials at -20 *C. The 36,43] and ethyl acetate [19,50] have been used for
ak height and respective concentrations of the compounds in the carotenoid separations and represent two different
lyl acetate with mixture were sufficiently different to provide some solvent selectivity groups, III and VI, respectively.

indication of identity based on chromatographic (Chlorinated solvents such as methylene chloride
: LC column is peak area. Prior to injection, 100/A THF were add- and chloroform were not tested because of a previ-
analysis. Fre- ed to a vial of the carotenoid mixture, and the mix- ous report of carotenoid losses caused by the hydro-

ations are near ture was placed in an ultrasonic bath for 10 min to chloric acid that may be a trace contaminant in

;itivity is neces- ensure dissolution. This solution was then trans- these solvents [52].) Prior to performing a separa-
Jrements. This ferred to a vial and placed in an autosampler where tion, each column was flushed with THF at 1.5 ml/
:overy is essen- it was held at a constant temperature of 15"C; the rain for 4 rain to remove any compounds remaining
9logical studies autosampler injected a 20-#1 aliquot of the solution on the column from a previous run. The column
ducibility is ex- onto the column being tested, was then equilibrated at 1.5ml/min for 15 min with
studies. There- a given eluent. In cases where 100%0methanol or
.tent and maxi- Chromatographic conditions acetonitrile eluted the compounds from the column
meaningful re- A liquid chromatograph pumped the mobile with a k' < 7, no attempt was made to increase
late carotenoid phase at a rate of 1.5 ml/min. Solvents were pre- retention by the addition of water because of the
,tometric mea- mixed so as not to depend on reproducible mixing minimal solubility of carotenoids in water and the
)vide complete by the pump; the solvents were sparged with helium, opportunity for on-column precipitation [19,23].
aids, then LC The column being tested was held at 27"C by the LC
with spectro- column oven. Recovery determination

tenoids. Only The photodiode array detector (Model 990, Wa-
:hat compared Columns ters, Milford, MA, USA) used to monitor the LC
o total carote- A list of the columns tested, serial number, manu- effluent acquired absorbance spectra from 350 to
ally in a spec- facturer, and classification of the bonded C18 sta- 500 nm with 20 scans/s at 2-s intervals. Data were
ared sixty-five tionary phase (polymeric, monomeric, or interme- acquired for 25 min at 0.5 a.u.f.s. Spectral data were
ily C18-modi- diate [51]) is provided in Table I. Reversed-phase used for peak identification when necessary. Visible
y of a mixture columns that were potentially useful for the sep- absorbance at 450 nm was recorded by the data
present in the aration ofcarotenoids were donated by LC column system for the quantitative comparison discussed
ts. This is the manufacturers. Columns prepared from different below.
"ry of carote- production lots from the same manufacturer were For the recovery study, the column was replaced

also requested in order to assess reproducibility, with a 195-cm length of PTFE tubing (0.8-ram I.D.)
Several columns that were currently in use in our to provide "peak" dispersion similar to the LC col-
laboratory were tested as well. Most of the columns umn. Using ethanol as the mobile phase, a 20-/_1
tested were C_8, 250 x 4.6 mm I.D., with 5-/um injection of the test mixture was considered to have

aroximately 2 particles. All columns were made of stainless steel, a peak area that represented 100%orecovery. Five
_dustries, Des All columns were alkyl-silane modified silica, except such replicate measurements were made at the be-
:ryptoxanthin for the Biotage Unisphere Polybutadiene, which ginning and at the end of each day's work. With a
. NY, USA); was modified alumina. The polymeric/monomeric/ column in place, the individual areas of the integrat-
Nutley, N J, intermediate classification given in Table I refers to ed peaks'were totalled, and the total area was nor-

the type of stationary phase modification proce- realized to the average area of the 10 replicate in-
or materialsare dure, and is described in detail in the Results and jections when no column was used. Because the test
theexperimental Discussion section, as is the separation factor mixture contained small quantities (1 to 7%) ofim-
lyrecommenda- (_TaN-aaPvalue) to which it is related, purities that certain columns may have been capa-te of Standards

Eluents based in methanol and acetonitrile were ble of resolving, all peaks eluting from a column
tterials or equip-

blefor the pur- used in this study. Butylated hydroxytoluene-stabi- were measured, not just the seven main peaks.
lized THF and ethyl acetate modifiers were added The linearity of the detector response was verified
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TABLE I

LIST OF COLUMNS USED

Columns are C,s except where noted.

Supplier Column name Serial No. ara_tB,p° Classification b

1 Beckman Uhrasphere ODS 9UE1898 1.92 Monomeric
2 Beckman Ultrasphere ODS 8UE2757 2.01 Monomeric
3 Beckman Ultrasphere ODS DABS 7UE2306 2.00 Monomeric
4 Analytichem Sepralyte C18 072851-18 1.82 Monomeric

5 Separations Group Vydac 218TP 890130-16 0.83 Polymeric
6 Separations Group Vydac 201TP 890130-23 0.78 Polymeric
7 Separations Group Vydac 201TP 890131-26 0.80 Polymeric
8 Biotage Unisphere-PBD _ 2167 3.06 Monomeric
9 ES Industries Gamma Bond C18 19589-57-17992 1.86 Monomeric

10 ES Industries Chromegabond C22 (Cz2) 19589-4-58-17994 1.83 Monomeric
I1 ES Industries Chromegabond MCI8 19589-4-57-17991 1.73 Monomeric
12 Supelco LC- 18 18744F 2.03 Monomeric
13 Supelco LC-18 18745F 2.02 Monomeric
14 Supelco LC318 110224 2.05 Monomeric
15 Supelco LC318 110232 2.04 Monomeric
16 Supelco LC-PAH 81695 0.70 Polymeric
17 Analytiehem Sepralyte C18 071912-14 1.92 Monomeric
18 Alltech Adsorbosphere C18 08039GA 2.01 Monomeric
19 EM Science LiChrospher 100 RP-18 86554563 1.45 Intermediate
20 Serva Octadecyl 03118 1.84 Monomeric

21 Serva Triacontyl (C3o) _d22 J&W Accusphere ODS 9050825 2.07 Monomeric
23 J&W Accusphere ODS 9072526 1.96 Monomeric

24 MacMod Zorbax RX C8 (Ca) AU2642 2.33 Monomeric , :
25 Perkin Elmer Pecosphere C18 1119 2.00 Monomeric
26 YMC A303 42511 1.97 Monomeric i

27 YMC AMP303 4259 2.01 Monomeric
28 YMC AP303 4250 2.06 Monomeric

29 J.T. Baker exper WP C18 ° 1294-43 0.57 Polymeric
30 J.T. Baker exper WP C 18_ 1294-26 0.93 Polymeric
31 J.W. Baker exper WP C18" 1294-29 0.73 Polymeric
32 J.T. Baker exper WP C18" 1239-64C 1.42 Intermediate
33 J.T. Baker exper WP C18" 1239-64D 0.22 Polymeric
34 ES industries Chromegabond PFP _ 19589-4-58-17993 0.88 Polymeric
35 ES Industries Chromegabond BF-Cl8 21389-4-60-18079 1.04 Intermediate
36 J.T. Baker _ Bakerbond C18 A29113-01 1.25 Intermediate

37 J.T. Baker _ Bakerbond WP C18 B36097.25 0.51 Polymeric
38 J.T. Baker _ Bakerbond WP C18 none 0.54 Polymeric
39 J.T. Baker _ Bakerbond WP C18 B33125.16 1.09 Intermediate
40 Keystone Sci. ODS Hypersil 03708 1.95 Monomeric
41 Shiseido Capsell Pak CI8 SGI20 1.99 Monomefic
42 Nacalai Tesque Cosmosil 5C18-P Waters 391-03 2.04 Monomerie
43 Nacalai Tesque Cosmosil 5CI8 Waters 390-47 1.85 Monomeric
44 Waters Nova-Pak C18 T93242 1.97 Monomeric
45 YMC ASP303-5 42541 2.05 Monomeric

46 Hewlett-Packard ODS Hypersil 79926OD-584 1.98 Monomeric

47 Hewlett-Packard LiChrospher 100 RP-18 79925OD-584 1.50 Intermediate
48 Brownlee Spheri-50DS 102454 1.26 Intermediate

49 Bio-Rad Hi-Pore RP318 890215-11 No. 82 0.59 Polymeric
50 Macherey-Nagel Nucleosil 5 PAH 90702B 0.36 Polymeric
51 Rainin _ Microsorb CI8 10681 1.78 Monomedc

52 Phase Separations Spherisorb $5 PAH 23/123 00-1046 0.82 Polymeric
53 Phase Separations Spherisorb $50DS 29/69 19-1372 1.68 Intermediate
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TABLE I (continued)

Supplier Column name Serial No. ar_N/B,r" Classification°

54 Phase Separations Spherisorb $50DS 30/3506-10-FI 1.50 Intermediate
55 Carlo Erba Erbasil 5 C18/L 517250502 1.76 Monomeric
56 Carlo Erba Erbasil 5 C18/M 517250503 1.28 Intermediate
57 Carlo Erbah Erbasil 5 CI8/H 517250504 0.91 Polymeric
58 Brownlee Spheri-5RP-18 109083 1.92 Monomeric
59 MacMod Zorbax RX C18 880967.902 1.50 Intermediate
60 Phenomenex Ultracarb 50DS20 PP/4953C 1.95 Monomeric
61 Phenomenex Ultraearb 50DS30 PP/4954C 2.01 Monomeric
62 J.T. Baker Bakerbond WP C18 1314-13 0.89 Polymeric
63 J.T. Baker Bakerbond WP C18 DS097 0.67 Polymeric
64 Brownlce Spheri-50DS 102402 1.42 Intermediate
65 MacModg Zorbax ODS F36560 1.80 Monomeric

* Relativeretention of i ,2:3,4:5,6:7,8-tetrabenzonaphthalene(TBN) tobenzo[a]pyrene(BaP); seeResults and Discussionsection or rcf.
51.
As determined by evaluation of SRM 869(see refs. 51and 53).

' PBD = polybutadiene.
Returned to supplier before value could be determined.
Experimental columns with varying surfacecoverage.

Y PFP _- pentafluorophenol.
a Used in laboratory prior to evaluation in this study.
h Not tested due to excessivebackpressure (> 200 bar).

by injecting varying amounts of the mixture of sev- sification scheme has proven useful for selecting
en carotenoids. The detector response was linear columns for separating PAH isomers and steroids,
from 50 to 300% of the amount injected for eval- two classes of compounds with rigid molecular
uation of the columns.

RESULTS AND DISCUSSION

HO

Sixty-five reversed-phase LC columns (Table I) , , "y"_*"

were evaluated to determine selectivity and recov- _ z_in
cry of selected carotenoids. Lutein, zeaxanthin, "*
/_-cryptoxanthin, echinenone, lycopene, and 0t- and .. i I "Y"3

/_-carotene were selected for use in the test mixture, ,._ _ln
and are shown in Fig. 2. Excluding echinenone,
which is present in the human populations that con- -_.- _ I _ 1 "_"3

sume echinoderms (sea urchins, starfish), these _ _"nlnermnecompounds account for more than 90% of the caro-
tenoids present in American serum [20]. Echinenone 1_1_1 I
was included because it has intermediate polarity _ Lycopene
and has been used as an internal standard for caro-

tenoid measurements [20]. _.,_.._.,..._ _,,_

Column classification
A system has been developed for the classifica-

tion of Cts stationary phases based on their sep- t_.,arotene
aration of a mixture of polycyclic aromatic hydro- ,.,..,h, , ,

carbons (PAHs) [51]. The application of this clas- Fig. 1.Structures ofcarotenoids used in test mixture.
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iiiiiiiiiiii::
_!i_:i_i_!i!:::structures [51]. Because carotenoid isomers also study was able to resolve lutein and zeaxanthin us-
::*_:_:_:_: have a rigid structure, it was thought that the classi- ing methanol or methanol-based solvents. Using
_ii!ii_i_iiii_i fication scheme might provide i.nsight into retention acetonitrile-based solvents, monomeric C_s col-
;;iii_i_i::i mechanisms for carotenoids, as well as provide as- umns were sometimes able to separate this pair par-
;_i_ sistance in column selection, tially. The polymeric C1s columns were usually able
::!i!iii!i::ii The C1s columns in this study were classified into to separate lutein and zeaxanthin. Typical chro-
i_i_i_i_i three stationary phase types using Standard Refer- matograms for columns classified as monomeric, :

ence Material (SRM) 869, Column Selectivity Test polymeric, and intermediate are shown in Figs. 2, 3

iiiiiliiili Mixture for Liquid Chromatography [51,53]. The and 4, respectively; chromatographic conditions are
_iiiii!iiiiiii SRM is a mixture of three PAHs: benzo[a]pyrene described in those figures. In Table II, resolution
_....!_ (BaP), 1,2:3,4:5,6:7,8-tetrabenzonaphthalene (R) and _ values for zeaxanthin/lutein and fl-caro-

(TBN), and phenanthro [3,4-c]phenanthrene. Col- tene/lycopene are shown for a representative one-

i umns were classified by calculating the relative re- third of the columns. The actual frequency and in-tention of TBN to BaP. The resulting _tXBN-,.Pval- ability of a class of columns to separate lutein and
i:!i!ii_!i_:_!_!!i_i!i!_i_ii:ues were grouped as follows: those columns with an zeaxanthin is represented, i.e., if one in every three
i:!:_:_:_:i:_:!:

i_::_::i::_::_::_i__x.N-_,P less than 1 are classified as polymeric, monomeric columns failed to separate lutein and
:_:_:_:_:_:_:_:_::_i_i_::_i_i_::: those with an ct_N_ a._ between 1 and 1.7 are classi- zeaxanthin, then one of every three numbers shown
tii::i::i::i!i::ill fied as intermediate, and those with an :tr_N-_e for the monomeric columns in Table II is for a col-
_: greater than 1.7 are classified as monomeric. The umn that failed to separate this pair. Using mono- :
_i,:::::: _x_N-a_e values for each column are provided in meric and most intermediate columns, the elution

Table I. These values may not be directly compara- of lycopene was followed by that of _t-and fl-caro-
::_:::::;:::_ ble for the five columns whose stationary phases............ : ii
............ were not Cas. Nonetheless, 35 of the columns tested

were classified as monomeric, 17 were polymeric _ _C_ONIrm_-mSEOSOLVeNr
and 12 were intermediate at 27°C. n_covE_: _%

...... This classification scheme is strongly related to LI,., t__ "_ :::_i

::iiiiiiiii the procedures used in the bonded-phase synthesis, _'_
iiiiiiiiiii:_:_,_:_:_: i.e., monomeric phases prepared by the reaction of
iii!i!iiiiii:: silica with monofunctional silanes (usually in the
!i!i!_iiii:_: absence of water) have properties that differ from

::::::::::::::: polymeric phases prepared by reaction of silica with
i!iiiiilili!i trifunctional silanes in the presence of water. (The _ :
iiiililili!iii: third group is an arbitrary classification for which
ilililiiiii: phase chemistry is less certain; this group has prop-

::!i!!!::!::!::::::::::::::::_!_i_:erties that are intermediate to the monomeric and _ II[_'' Mer_ot._s,0 SOw_Nr

............ polymeric classes.) o RECOVERY- 84%

Selectivity

:!::::::!_: Optimum carotenoid selectivity of each column

iiiiijiii was difficult to assess, since a mobile phase was not l_

tailored for each. Our design was limited to an iso- e _
_ cratic, nonaqueous binary mobile phase separation,

with the capacity factor, k', manipulated through 0 s _0 _ _0
the addition of THF or ethyl acetate such that 7 _<
k' _< 11. Under the defined conditions, lutein and MINUTES
zeaxanthin were the most difficult carotenoids to Fig.2. Separationof testmixtureon a monomericC_aphase.

EluentisTHF-methanol(10:90)or THF-acetonitrile(15:85)at
resolve due to their structural similarity and early a flow-rateof 1.5ml/min.Legend:L = lutein,Z = zeaxanthin,
elution. C

fl-cryptoxanthin,E = echinenone,Ly = lycopene,_t= i
No monomeric C18 column evaluated in this a-carotene,/_ = /_-earotene.
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ACETONITRILE-BASED SOLVENT

:anthin US- _ RECOVERY = so_ ACETONITRILE-BASED SOLVENT
nts. Using _ RECOVERY= 71%

C1_ col-
ispair par- E _ E
sually able " I [
_ical chro-

Z

lOrlomerlc, _
a Figs. 2, 3 _
ditions are _
resolution °_

nd fl-caro- M_rHANOL-aASEOSOLWNT
tative one- o necovERv. _% _: t.z METHANOL-BAgED SOLVENT

< O RECOVERY = 86%

keyand in- _

lutein and _

.'very three E
lutein and

)ers shown -A. _ _ _t..._.__ t =
s for a col-
.ing mono-
Lheelution s 10 is

0 5 10 15 20

nd/_-caro- MINUTES MINUTES

Fig. 3. Separation of test mixture on a polymeric C_8 phase. Fig. 4. Separationof testmixture on an intermediate CI8 phase.
Eluent is 100% methanol or 100% acetonitrile at a flow-rate of Eluent is THF-methanol (7.5:92.5) or THF-aoetonitrile

_OLVENT 1.5 ml/min. For legend, see Fig. 2. (12.5:87.5) at a flow-rate of 1.5 ml/min. For legend, see Fig. 2.

TABLE II

RESOLUTION (R) AND SELECTIVITY (=) FOR ZEAXANTHIN/LUTEIN (Z/L) AND fl-CAROTENE/LYCOPENE (B/Ly) ON
SELECTED CIa COLUMNS USING METHANOL AND THF-METHANOL COMPARED TO THE TBN/BaP et VALUE ON
THOSE COLUMNS

Column = Character _Z/L RZlL CtB/Ly REILy 0CTBN/B=p

22 Monomeric 0 1.28 13 2.07
14 Monomenc 0 1.20 6.2 2.05

18 Monomenc 0 1.28 14 2.01
25 Monomeric 0 1.18 7.8 2.00

3CENT 41 Monomeric 0 1.24 7.8 1.99
44 Monomenc 0 1.29 13 1.97
26 Monomeric 0 1.27 12 1.97
40 Monomeric 0 1.29 12 1.95

1 Monomenc 0 1.28 13 1.92
20 Monomeric 0 1.19 7.4 1.84
t 1 Monomeric 0 1.36 7.9 1,73

53 Intermediate i 0 I. 15 10 1.68
59 Intermediate 1 0 1.24 13 1.50
19 Intermediate 1 0 2.16 19 1.45
35 Intermediate 1.20 2.9 0.91 6.0 1.04

ic CIa phase. 30 Polymeric 1.18 2.9 0.78 8.0 0.93
rile (15:85) at 5 Polymeric 1.21 2.9' 0.83 5.8 0.83
= zeaxanthin, 6 Polymeric 1.23 4.0 0.74 12 0.78

16 Polymeric 1.22 4.4 0.74 12 0.70,,copene, ot =
49 Polymeric 1.26 3.9 0.70 16 0.59
37 Polymeric 1.32 4.6 0.56 35 0.51

° See Table I for column descriptions.
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i itene. Using polymeric columns, the elution order resolve lutein and zeaxanthin using methanol-based :!:

often changed to or-carotene, fl-carotene, lycopene, solvents failed using each modifier. On a few col-.:.:.:.:.;.:.:.:- (

iii!i!i_iiiiiiiI: thus the ct- values for the polymeric columns (and umns, the use of one modifier in acetonitrile did
_iiiiii_iiii_I one intermediate column) in Table II are less than provide higher _ values than the other, but the dif- _
:::::::::::::::::::::::::::one. In general, if the column could resolve lutein ference was not great enough to significantly im- ,:
_:_:_:_'._:_:_:_and zeaxanthin, then lycopene eluted after ct- and prove resolution. THF did not consistently provide :
_ii::ilili!::iii: fl-carotene. Quackenbush and Smallidge [54] and higher ctvalues than ethyl acetate or vice versa. For

Bushway [35] have also observed that Vydac 201TP the separation of lycopenc and /3-carotene, selec-

iiiiil_ii_iii!_i_ii:and 218TP columns, which are polymeric, reverse tivity differed slightly using acetonitrile-based mo-
_!iiiiiiii_iill the order of elution of lycopene and fl-carotene bile phases on some columns. On one or two col-
_: compared to other (monomeric) columns that they umns using methanol-based solvents, the ct values
ii!iii!iii!i!ii::_ tested, although they did not recognize the mono- for lycopene and ]/-carotene may have been more
................. meric or polymeric phase synthesis of the columns significantly affected by the choice of modifier.
iliiiii!i!iii!i:: as the cause. Polymeric phases have also been re- Again, THF was not consistently better or worse

ported to provide better separation of certain caro- than ethyl acetate at providing greater resolution.tenoids and their cis isomers [35,54,55]. Pore size of the column can affect the selectivity
i::i::iii::iii::i::i: To investigate whether the selectivity for selected for carotenoids of sufficiently different size (e.g., ly-
_:_:_:_ carotenoids correlates with the selectivities for the copene and fl-carotene, zeaxanthin and fl-carotene)
_.:_:::_:::;:, PAHs, Ct'rBN/Bapvalues for the columns are also but does not affect selectivities for carotenoids of

shown in Table II. On the polymeric columns, very similar sizes (e.g., _-carotene and ]/-carotene). :
_trBr_/_aPand 0_zcaxanthln/lutei n are correlated (correla- In a comparison of four monomeric columns from
tion coefficient, r = -0.94), as are 0_XBN/Ba,and _% the same manufacturer (column 45, 26, 27 and 28), ,:
.... t,,_/_,o_,_,, (r = 0.86). Despite the small sample the only difference being pore size of the silica sub-
size (n = 6 polymeric columns), there is more than strate (i.e., 60, 120, 200 and 300 A, respectively), : :_
95% confidence that a correlation does exist, ac- both 0_#_earotene/lyeopeneand _ta..... ten,/ ...... thindecrease ......:::i_:
cording to Pearson Product Moment correlation with increasing pore size. This also holds true for a

coefficient tables [56]. There is no correlation be- comparison of two other sets of wide-pore columns i
tween the 0trUN/B,_and the fltzeaxantlain/lutci n on the and their narrow-pore counterparts (columns 12
monomeric columns because all the ct...... t_i,/_t_i° and 13, 100 ._ vs. columns 14 and 15,300/_; column

i values are 1, as is the case for most of the intermedi- 36, 120 tit vs. column 37, 300/_). In addition, as:_:_,_:_:_:: ate columns' 0_zeaxanthin/luteinvalues. There is also no pore size decreases, more modifier must be added in :_
iiii!i!i!_!iii correlation between the _traN/_ and the _ ..... ,_,_/,y- all three cases to elute all seven compounds with a

ii!iiiiiUi:! ,op,n*on both the monomeric and intermediate col- k' _< 11.This is as expected since the greater surface

umns. Thus, the _raN/a_r values are useful for pry- area of the base silica of the narrow-pore columns

i: dieting whether a column will be able to separate results in a higer carbon load. Although absolute
lutein and zeaxanthin inasmuch as it indicates retention of carotenoids increases with decreasing
whether the column is monomeric, polymeric, or pore size (and increasing carbon loading), _tvalues

|_i::_i_!::_........ intermediate, since mainly polymeric columns are for similarly sized carotenoids do not change with

_il!i['iiii!i capable of resolving this pair. However, it is not column pore size. An example of this trend is the ct

_l_i::iiii useful for predicting whether an intermediate col- values for /3-carotene/et-carotene, which are the
umn will be able to resolve lutein and zeaxanthin, same for the sets of columns described above.
nor can it predict how much separation of lycopene
and fl-carotene a monomeric or intermediate col- Recovery

umn is likely to provide. Sample losses on the column are critical to the

For most columns it was necessary to add a mo- sensitivity and precision of an LC method and to
bile phase modifier to elute compounds with a k' _< quantitative analysis. Carotenoid recoveries rang-

ii ili!iii: 11. The choice of modifier (THF or ethyl acetate) ing from 0 to almost 100%owere observed. Recovery

__::_i_:_ did not significantly affect selectivity for either lu- was dependent on the mobile phase, stationary

tein/zeaxanthin or lycopene/fl-carotene, the two phase type classification, and possibly the column

....... pairs that were examined. Columns that failed to bed support frit material.
!i!i::iii_i::

:" i:
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anol-based Mobile phase. On almost all the columns tested, Acetonitrile-based solvents are typically used for
a few col- the use of methanol or methanol-based solvents the carotenoid separations reported in the literature

)nitrile did provided a higher recovery of the carotenoids than [3-12,14,17-20,22,25,26,29 38,40-48]. However,
9ut the dif- did the use of acetonitrile of acetonitrile-based sol- our studies show that recoveries using acetonitrile
icantly im- vents, as shown by the mean recoveries given in Ta- and acetonitrile-based eluents are generally lower
tly provide ble III. When using acetonitrile-based mobile phas- than those obtained using methanol and methanol-
versa. For es, the THF modifier resulted in a higher percent based eluents. Nelis and De Leenheer [19] reported

tene, selec- recovery on most columns than did the ethyl ace- that the incorporation of methanol in acetonitrile-
-based mo- tate. This difference in recovery was less noticeable based solvents dramatically enhanced selectivity,
)r two col- when the methanol-based eluents were used. Addi- which they speculated was due to hydrogen bond-
le ct values tion of a modifier was not necessary for about half ing. Most of the acetonitrile-based methods report-
been more the columns when methanol was used and about ed in the literature do involve the use of some meth-
f modifier, one-third of the columns when acetonitrile was anol [3,6,7,9-11,14,17,19,20,22,26,29-35,37,38,40_
r or worse used. Typically, it took less THF than ethyl acetate 44,46-48]. To determine whether the addition of
esolution, to elute the compounds with k' _< 11, and methanol methanol improved recovery as well as selectivity, a
; selectivity required less modifier than acetonitrile, which is column that had provided 0% recovery when run
ze (e.g., ly- contrary to expectations based on solvent strength with 100% acetonitrile and 77% recovery with
_-carotene) parameters, where acetonitrile is classified as a 100% methanol was tested with a methanol-aceto-
)tenoids of stronger solvent than methanol [57]. However, this nitrile (10:90) mixture. Recovery with respect to the
l-carotene), observation is consistent with the findings of Nelis 100% acetonitrile run improved only slightly (up
umns from and De Leenheer, who reported that methanol acts from 0 to 2%). A run using methanol-acetonitrile
27 and 28), as a stronger solvent than acetonitrile for the sep- (20:80) as the eluent resulted in 4% recovery. Thus
: silica sub- aration of carotenoids on C_8 columns [19]. Since the addition of methanol did improve recovery
spectively), recoveries were lower and no improvements in se- marginally. The column tested performed poorly
ai, decrease lectivity were observed, ethyl acetate-modified sol- using 100% acetonitrile; it would be unfair to say
s true for a vents are not discussed further to simplify data that recovery on all columns using acetonitrile-
re columns analysis. Henceforth each column has just two sets based solvents would also show only a 2% increase
olumns 12 of results: 100% methanol and 100% acetonitrile, in recovery with the addition of methanol.
A; column or THF-methanol and THF-acetonitrile if it was The poor performance of certain columns ap-
ddition, as necessary to use a modifier, pears to be real and not an artifact. When poorly
aeadded in performing columns were rechecked at a later date,
mds with a performance had not changed. In addition, reeov-
lter surface TABLE111 ery was not affected when various sample sizes were
re columns AVERAGERECOVERYOF CAROTENOIDSON ALL injected (from 5 /_l to 100 /_1). Lauren and
_h absolute COLUMNSTESTEDUSINGDIFFERENTMOBILEPHAS- McNaughton [50] recommend the addition of 0.1%
decreasing ES n-decanol to the mobile phase to improve perform-
_), ctvalues "IHFor ethyl acetateareaddedtomethanoland acetonitrileas ance by minimizing adsorption. We did not find n-
hange with modifierssuchthat 7 _< k'mi x _<11. decanol to be effective in improving the perform-
md is the _ ance of columns with poor recoveries using aceto-
:h are the Mobilephase Recovery+ S.D.(%) nitrile-based solvents. However, we have observed

lbove. 100%methanol 84+8 (n=29)° that flushing the column with an ammonium ace-
Methanol-THF 86a_11(n=35) tare buffer improves recovery on these columns
Methanol-ethyl 824-12(n=35) when an acetonitrile-based mobile phase is used.

:ical to the acetate We have also found that the addition of ammonium
lod and to 100%Acetonitrile 564-19 (n=21) acetate to the mobile phase improves recoveries.
eries rang- Acetonitrile-THF 684-17(n=43) , To determine the reproducibility of recovery re-
[. Recovery Acetonitrile--ethyl 47_-17(n=43) suits, one column from each of the three classifica-acetate

stationary tion groups was retested about four months after
he column a n = Numberofcolumns, the initial test. Columns that had required 100%
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i: methanol were selected to eliminate any effect umn, as described. Two monomeric-phase and ......::
iiii!!i!!iii!i_ caused by slight variations in the mobile phase com- three polymeric-phase columns were tested. All col- ii:::
iiii::i::i::::iii position. Columns were also selected that had pro- umns had previously required 100%0methanol for i :::

:i

:_:_:_:_:_:_:!iii_:i_i!i_:ii_vided recoveries greater than 80% in the first test. elution of the carotenoids in less than 25 min. Four : :
!iiii!iiiiiii Relative standard deviations ranged from 2.5 to of the columns had required 100% acetonitrile; one
......".::: 5.6%. An insufficient number of runs were made on required THF-acetonitrile (5:95). Two trends in re- ::

individual columns to allow statistical comparisons covery were observed. Losses of zeaxanthin and :
ii!i!iiii: of methanol or methanol-based and acetonitrile or B-carotene, which each contain two B-rings (Fig. 1), :
::_i_::_i_ acetonitrile-based recoveries for each column; were greater than losses of lutein and _-carotene,
iiiiiiiiii: however, based on the reproducibility studies, 6% which each contain one B- and one _-ring. Within
ii!i!i!_!i_::i represents a liberal estimate of the relative standard the group of fl,fl-carotenoids used in the mixture
::::i!ii::!i!i: deviation. Using this estimate of variability, col- (zeaxanthin, fl-cryptoxanthin, echinenone, and

_::ii!ilili!iii!iiumns with a 12% difference in recovery between B-carotene), recovery increased as polarity de-:::::::::::::
::i!::U::::::::!methanol- and acetonitrile-based eluents would be creased: less zeaxanthin, a dihydroxy carotenoid,:::::::::::::

_iiiiiiiiii:_ significantly different. Columns are grouped ac- was recovered than fl-eryptoxanthin, a monohy-
::::::::::::::: cording to their recoveries using methanol or THF- droxy carotenoid. Less fl-cryptoxanthin was reco-
:J::::::::::::::::::::methanol and acetonitrile or THF-aeetonitrile in vered than echinenone, a mono-keto carotenoid.
_:_:_:_:_:_:_Table IV. And less echinenone was recovered than B-caro-

iii::iii::i::iii Selective recovery. Experiments were performed tene, a hydrocarbon carotenoid. This trend also
ili i to determine whether certain carotenoids contrib- holds true for the two fl,e-earotenoids used in the
_::iiiii::ii::_i::uted a greater share to recovery losses than did the mixture. The recovery of the dihydroxy carotenoid,
_iiiiii: other carotenoids. Individual carotenoids were in- lutein, was less than that of the hydrocarbon carote-

_!iiiiiiiiii jeered into the system, both with and without a col- noid, _-carotene.

!_i:_:_iiii/ii::iii:: Slationary phase. In these carotenoid studies, as a :::
i/ rule, polymeric phases required the least modifier (a ::TABLE 1V

mean value of 2% THF in methanol, 3% THF ini!ii_!i!iiiii! COLUMNS USED IN THIS STUDY GROUPED ACCORD- acetonitrile) and monomeric phases required the
'i!iiiiiiiiiiii:! ING TO PERCENT RECOVERIES most (a mean value of 6% THF in methanol, 90/0

Recovery Columns THF in acetonitrile) to elute all seven compounds

(%_ from the column within the k' range allowed.............. (7 _<k'_< 11). Intermediate phases required an inter-Using methanol or THF-methanol:
_i_!_::_::::: mediate amount of modifier (4% THF in methanol,:::_:_:_:i:i: 90-100 35711152123242627282930324142434445

::::::::::: 5265 6% THF in acetonitrile). Percent recovery across
iiiiiiiiiiii....... 80-89 12468 I01213141617181922253135373839 the three groups did not vary consistently. Reeov-
i::::::::::::iii::i 40464748495051535458596061 cry results for columns divided into the three classi-

60--6970-79 4220623336556364 fication groups are shown in Table V. Thirty per-i_i;_ 5_59 9 cent of the columns gave >90% recovery using
i:'.'iiiii!i:: 40-49 -
?..:.i!ii!!!:

i 30-39 56

TABLE V
Usb_g acetonitrile or THF-acetonitrile:

:.:.:.... 90-100 435051 AVERAGE PERCENT RECOVERY FOR POLYMERIC,

: 80-89 23232737496061 INTERMEDIATE. AND MONOMERIC COLUMNS TEST-

70--79 148121318212226303241424547525859 ED
60--69 5102528293336444865

50-59 911141517202431384046 Eluent Polymeric Intermediate Monomeric
40--49 67161935396264 - --

30--39 63 MeOH ° 83% 79% 88%

:::....... 20-29 - ACN h 62% 46% 67%

i IO-19 -

0-9 53545556 h MeOH = methanol and methanol-based eluents.

..iiiiiiii:!_ ACN = acetonitrile and acetonitrile-based eluents.
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or THF-methanol as the solvent; of suppliers, and differences between column lots is 'iaase and methanol

t. All col- these, 70% were classified as monomeric and the strongly related to differences in the silica--particle i:

hanoi for remaining 30% were classified as polymeric, size, pore size, surface area, silanol activity, and !
nin. Four In several cases, columns were available that con- trace metal contamination. Thus, column lot differ-

itrile; one tained the "same" packing material from different ences can exist for both monomeric and polymeric i
nds in re- lots. Recovery results and k" values for selected phases. The only way to ensure reproducible col- i
Lthin and compounds using THF-methanol for columns umns is to purchase columns packed with the same
s (Fig. 1), from different production lots are presented in Ta- production lot of stationary phase.

carotene, ble VI. Mean recoveries for many of the columns Column bed support frits. It has been suggested
g. Within appear to be different, but performance of Tukey's that losses occurring on column frit materials may
,_mixture Multiple Comparison test [58] on these data shows be partially responsible for low recoveries ofcarote-
_ne, and that there is no difference between the mean recov- noids [3,23]. Data from two sets of columns that
arity de- cries at a 95% confidence level for almost all the were identical except for the presence of different
,rotenoid, column pairs, frits are presented in Table VII. Although reeov-
monohy- Retention times of carotenoids using columns cries were slightly lower for stainless steel frits, no
was reco- from different stationary phase lots varied substan- significant differences in recoveries between these
.rotenoid. tially. (On one pair of columns, there was a 15% sets of columns were detected. Later studies in

n fl-caro- difference in fl-carotene's retention time.) This var- which frits were placed in series (without a column
rend also lability can arise from two sources: the base silica in the system) showed no significant difference in
;ed in the from which the stationary phase is prepared and recovery using stainless steel, titanium, or "biocom-
Lrotenoid, reproducibility of the bonding procedure. Most LC patible" frits.

m carote- column manufacturers obtain silica from outside In 1986, Nierenberg and Lester [3] observed dif-

1dies, as a
|odifier (a TABLE VI

i, THF in COMPARISON OF k' AND RECOVERY FOR COLUMNS FROM DIFFERENT LOTS
uired the

anol, 9% Column* k' Recovery nb

,mpounds (%) [_: allowed Lutein Echinenone /_-carotene E_
[ an inter- 4 0.30 2.91 8.38 87 3 [i
nethanol, 17 0.20 2.75 8.08 82 3 !

:ry across 12 0.26 2.60 7.07 92 3 ii
y. Recov- 13 0.20 2.66 7.25 89 3

ree classi- 14 0.27 2.21 5.86 88 3
hirty per- 15 0.30 2.31 6.07 90 5

ery using 16 0.73 1.83 2.80 86 5
66' 0.66 2.00 2.95 92 5

40 0.43 3.18 8.22 86 3
46 0.49 3.06 7.76 92 3

LYMERIC,
tiNS TEST- 48 0.35 3.24 8.16 86 3

64 0.38 3.57 9.18 78 3

37 1.03 3.00 4.81 82 3
eric 62 0.74 2.58 3.89 87_ 4

63 0.59 2.60 3.82 73a 2

* SeeTable I for column descriptions.
bn _ Number of runs.

Supelco LC-PAH column tested after the completion of the other analyses.
:s. d Statistical differencein recovery as determined by Tukey's Multiple Comparisons.

[i
::'_::: i _
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....... TABLE VII

i .

!i

COMPARISON OF k' AND RECOVERIES ON COLUMNS WITH DIFFERENT FR'[T MATERIALS ....

i
._..:.:.:.:. Column" Frit k' Recovery n

Lutein Echinenone fl-carotene

6 SSb 0.75 2.46 3.30 86 5
7 Ti 0.75 2.53 3.42 88 5

I ss 028 285 8.27 87 5
3 Ti 0.29 3.02 8.93 92 5
2 Hast 0.33 2.98 8.54 93 5

" See Table I for column description.
b SS = Stainless steel; Ti = titanium; Hast = Hastelloy.

l!ii
: ferences in recovery when they switched to a new but on average had lower recoveries than mono-

i !i column of the same brand from the same manu- meric ClS columns. (4) Using methanol-based sol-

facturer, but with a different kind of frit, and they vents, the retention time of lycopene is greater than

attributed these differences to the use of different that of fl-carotene on most polymeric columns. (5)
frits (stainless steel vs. Hastelloy). They also observ- Columns with the "same" stationary phases from

iii ed this phenomenon when two columns
different lots do not necessarily elute compoundswere

packed with the same lot of packing material, with the same retention times. (6) When using a new
iiiiiiiili topped with either stainless steel or Hastelloy flits, column, it may be necessary to make several prelim-
i!i!_il: During our studies, it was observed that a certain inary runs before the separation (i.e., retention

:.:,ii:i previously unused column did not provide the same times, recovery, selectivity) becomes reproducible
::::::::::_:_,_:::::recovery or retention times as its older, used, coun- and comparable to that expected based on the per-
_::::::::::: terpart, but that the "new" column gradually at- formance of the corresponding "old" column. (7)::::::::::

i!iiiiiii! tained the retention and recovery characteristics of The most appropriate system for the separation of

i the "old" column with repeated use. Columns that carotenoids would probably include the use of a

had been used in our laboratory prior to this study polymeric Cta column (to allow separation oflutein
have been marked in Table I, in the event that re- and zeaxanthin) and a methanol-based mobile

iUiii!!il suits for these columns have been affected by previ- phase (to obtain a high percent recovery).ous use in the laboratory.
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